Depression is a well-known risk factor for developing relapse drinking, but the neuronal mechanisms underlying the interactions between depression and alcohol use disorders remain elusive. Accumulating evidence has associated depression with hyperactivity of the lateral habenula (LHb), an epithalamic structure in the brain that encodes aversive signals. Glutamate receptors contribute substantially to the excitability of LHb neurons. Glutamatergic synapses in LHb neurons largely express GluA1-containing aamino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPAR) that can be modulated by Ca 2þ /calmodulin-dependent protein II (CaMKII). In the current study, we tested the hypothesis that withdrawal from repeated cycles of ethanol drinking triggers an increase in LHb AMPAR and CaMKII activity concomitant with depression-like symptoms, and their inhibitions bring a reduction in depressive-like behaviors and alcohol consumption. Western blotting revealed a higher level of phosphorylated AMPAR GluA1 subunit at a CaMKII locus (GluA1-Ser831) in the LHb of ethanol-withdrawn rats than that of age-matched naïve counterparts. In ethanol-withdrawn rats, pharmacological inhibition of LHb AMPAR activity significantly mitigated the depressive-like behavior and ethanol drinking and seeking behaviors, but affected neither sucrose intake nor locomotor activity; and inhibition of LHb CaMKII activity, or chemogenetic inhibition of LHb activity produced similar effects. Conversely, activation of LHb AMPARs induced depressive-like behaviors in ethanol-naïve rats. These results demonstrate that CaMKII-AMPAR signaling in the LHb exemplifies a molecular basis for depressive-like symptoms during ethanol withdrawal and that inhibition of this signaling pathway may offer a new therapeutic approach to address the comorbidity of alcohol abuse and depression.
Alcoholics frequently suffer from depression (Pettinati, 2004) , which negatively impacts treatment outcomes and increases the probability of relapse (Pelc et al., 2002) . The mechanisms underlying this comorbidity, however, are not well understood. Increasing evidence has linked depression with hyperactivity of the lateral habenula (LHb). The LHb has emerged as an important part of the reward circuit by providing negative reward signals to the dopamine and serotonergic neurons in the midbrain (Jhou et al., 2009; Kaufling et al., 2009; Matsumoto and Hikosaka, 2007; Omelchenko et al., 2009) . Various aversion-related stimuli, such as stress, pain, fear, and reward omission, activate LHb neurons (Li et al., 2011a; Meye et al., 2015; Neumann et al., 2015; Wirtshafter et al., 1994; Zouikr et al., 2014) . LHb neurons are hyperactive in the depressed state (Chourbaji et al., 2005; Proulx et al., 2014; Shumake et al., 2003; Zouikr et al., 2014) . Conversely, inhibition of LHb neuronal activity suppresses depressive-like behaviors in animal models of depression (Li et al., 2011a (Li et al., , 2013 Meye et al., 2015) . However, the precise molecular targets responsible for LHb hyperactivity during ethanol withdrawal have not been fully unveiled.
Glutamate is the primary excitatory neurotransmitter in the CNS. a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPAR), a subclass of ionotropic glutamate receptors, play an essential role in regulating synaptic strength (Bredt and Nicoll, 2003) , and are involved in several neurological, psychiatric and addictive disorders (Zhang and Abdullah, 2013) , including alcohol use disorder (Kryger and Wilce, 2010) . AMPARs are composed of four subunits (GluA1-4). The GluA1 subunit, in particular, plays an important role in alcohol reinforcement, drinking and seeking behaviors (Cannady et al., 2017; Salling et al., 2016; Wang et al., 2012) . The LHb receives strong glutamatergic inputs and expresses mostly the GluA1 subunit (Meye et al., 2013) . Enhanced glutamatergic transmission might activate Ca 2þ / calmodulin-dependent protein kinase II (CaMKII) (Fink and Meyer, 2002) , which then phosphorylates serine 831 (S831) on the GluA1 C-terminus, enhancing AMPAR activity (Hayashi et al., 2000; Malinow, 2003) . A previous animal study found that increased expression of bCaMKII in the LHb causes more GluA1 insertion into synapses, resulting in increased synaptic efficacy and depressivelike behaviors (Li et al., 2013) .
We have recently shown that increased glutamatergic transmission in the LHb contributes to the increased activity of LHb neurons in rats withdrawn from chronic ethanol consumption and that LHb inhibition by high frequency electrical stimulation reduces ethanol consumption . However, it is unknown whether CaMKII-AMPAR signaling in the LHb is functionally relevant for depressive-like behavior and elevated ethanol drinking following a history of repeated cycles of drinking and withdrawal. In the current study, using a combination of behavioral, physiological, pharmacological, molecular, and chemogenetic approaches, we tested the hypothesis that during ethanol withdrawal, the activity of AMPARs and CaMKII in the LHb is increased, which contributes to depressive-like symptoms and elevated alcohol consumption; and that inhibition of the activity of LHb AMPAR and CaMKII ameliorates depressive-like behaviors and reduces alcohol consumption.
Materials and methods

Animals and housing
All experiments were performed in accordance with the guidelines of the National Institutes of Health for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committees of Rutgers, The State University of New Jersey, Newark, New Jersey. Adult male Long-Evans rats (two months old at the start of the experiments, from Harlan Lab, NY) were individually housed in ventilated Plexiglas cages in a climatecontrolled room (20e22 C) and acclimatized to the housing conditions and handling for at least 7 days before the start of the experiments. All rats were kept on a 12-h light/dark cycle: lights off at 11:00 a.m. Food and water were available ad libitum, or as indicated otherwise.
2.2. Ethanol drinking procedure 2.2.1. Intermittent access to ethanol in two-bottle free choice(IA2BC) drinking procedure
We trained rats to drink 20% ethanol in the IA2BC procedure as described previously (Li et al., 2011b Simms et al., 2008) . Briefly, animals were given 24-h concurrent access to one bottle of 20% (v/v) ethanol in water and one bottle of water, starting at 11:00 a.m. on Monday. After 24 h, the ethanol bottle was replaced with a second water bottle that was available for the next 24 h. This pattern was repeated on Wednesdays and Fridays. On all other days, the rats had unlimited access to two bottles of water. On each ethanol-drinking day, the placement of the ethanol bottle was alternated to account for side preferences. The amount of ethanol or water consumed was determined by weighing the bottles before and after 24 h of access. Animal body weight was measured weekly to monitor health and to calculate ethanol intake. Ethanol consumption was determined by calculating grams of alcohol consumed per kilogram of body weight. The preference ratio of ethanol intake was calculated by the following formula: Preference ratio (%) ¼ ethanol solution intake (ml)/total fluid intake (ml ethanol solution þ ml water).
After eight-weeks in the IA2BC procedure, when a stable baseline drinking level (5.3 ± 1.2e6.2 ± 0.8 g/kg/24 h) had been achieved, rats were divided into 9 groups (S Table 1 ): (1) Forced swimming test (G1a, n rats ¼ 12), (2) Sucrose preference test (G1b, n rats ¼8), (3), Tissues containing the LHb were harvested at 24 h after the last ethanol session for electrophysiological recordings (G1c, n rats ¼ 7), or for examination of AMPAR and CaMKII expression using Western blot (G1d, n rats ¼ 6). Rats in groups 2e7 all received LHb cannulae implantation. Specifically, rats in group 2e5 were examined for the effects of DNQX through: forced swimming test (G2, n rats ¼ 22), sucrose preference test (G3, n rats ¼ 18), ethanol intake (G4, n rats ¼ 9), in operant chamber testing selfadministration of ethanol (G5, n rats ¼ 8). Rats in groups 6 and 7 were examined for the effects of CaMKII inhibitor KN-62 through: depressive-like behavior and ethanol intake (G6, n rats ¼ 20), and GluA1 phosphorylation (G7, n rats ¼ 12): rats in this group were sacrificed 10 min after intra-LHb infusion of KN-62 or aCSF, tissues containing the LHb were then collected for Western blot. Rats in group 8 received cannulae implantation to the mediodorsal thalamic nucleus (MD) to examine the effect of DNQX on ethanol intake (n rats ¼ 7). Rats in group 9 received chemogenetic virus injection in the LHb to test whether chemogenetic inhibition of LHb changed ethanol intake and depressive like behaviors (n rats ¼ 12).
Operant self-administration after intermittent access to ethanol
The operant chamber (30 cm wide, 29 cm high) was encased within a larger sound-attenuating chamber and had two levers that were located against the right wall, 7 cm from the floor and 1 cm from the right or left edge of the right wall. A 2.5-cm white stimulus light was located above each lever. A rectangular recess (3 cm in diameter) was located between the 2 levers, 3 cm above the floor. Syringe pumps delivered fluid into a fluid receptacle within this recess (ethanol port). A house light, located on the right wall 14 cm from the floor, was on for the duration of each behavioral session. In addition, the operant chamber contained an infrared head poke detector that recorded how many times an animal's head entered the ethanol reward port. All behavioral equipment (MED Associates, St. Albans, VT) was computer-controlled via software (MED Associates) that also recorded the responses and reinforcer deliveries during behavioral sessions.
This experiment was conducted similarly to our previous studies (Fu et al., 2016; Li et al., 2012) . Briefly, a group of rats (n ¼ 8) under the IA2BC paradigm for 16 to 20 sessions received 3 overnight (12e14 h) sessions with 0.1 ml of 20% ethanol available on a fixed-ratio-1 (FR1) schedule after responses to the active lever. After shaping, subjects received daily 45-min sessions, 5 days a week. One week later, the response requirement was increased to a FR3 schedule in 30-min sessions for 2 weeks.
Brain slice preparation and electrophysiological recordings
Rats at 24 h withdrawal from ethanol after eight weeks in the IA2BC paradigm or ethanol-naïve counterparts were sacrificed under anesthesia of ketamine/xylazine (80 mg/10 mg/kg, i.p). Brain slices were prepared as described (Zuo et al., 2013) . Briefly, the brain was rapidly removed and placed in ice-cold-glycerol-based artificial cerebrospinal fluid (GaCSF) containing the following (in mM): 252 glycerol, 2.5 KCl, 1.25 NaH 2 PO 4 , 1 MgCl 2 , 2 CaCl 2 , 25 NaHCO 3 , 0.3 L-ascorbate, and 10 glucose, and oxygenated with 95% O 2 /5% CO 2 (carbogen). Coronal slices (300 mm thick) were cut with a Compresstome VF-200 slicer (Precisionary Instruments Inc., Greenville, NC, USA), and then transferred to a holding chamber and incubated for at least 1 h at room temperature (24 C-25 C) in carbogenated regular artificial cerebrospinal fluid (aCSF) of almost the same composition as GaCSF, with the exception being that 252 mM glycerol was replaced with 126 mM NaCl.
Electrophysiological recordings were conducted as described Zuo et al., 2013) . Electrophysiological events were recorded with an Axon 200B amplifier, a Digidata 1440A A/D converter, and Clampfit 10.6 software (Molecular Devices Co., Union City, CA, USA). Throughout the experiments, the bath was continually perfused with warm (33 C) carbogenated aCSF (1.5e2.0 ml/min). Access resistance was monitored by a step of À10 mV (0.1 Hz) and experiments were discarded if the access resistance increased >20%. Neuronal excitability was examined in the whole-cell mode, and 10-pA current steps (from À30 to 50 pA) were applied, from which V-I plots were determined (the number of action potential vs current). The internal solution contained (in mM): 140 K-gluconate, 5 KCl, 2 MgCl 2 , 10 HEPES, 2 MgATP, and 0.2 GTP. The pH was adjusted to 7.2 with Tris-base and the osmolality to 310 mOsmol/L with sucrose for all internal solutions. EPSCs were evoked through a bipolar stainless steel electrode placed 200 mm from the recording site. The internal solution contained (in mM): CsCl 130, NaCl 4, MgCl 2 2, EGTA 1.1, HPEPS 5, Na 2 ATP 2, Na þ -creatine-phosphate 5, Na 3 GTP 0.6, and spermine 0.1. All experiments were carried out in the presence of picrotoxin (100 mM) and AMPAR EPSCs were pharmacologically isolated by application of the NMDA antagonist DL-2-amino-5-phosphono-valeric acid (AP5, 50 mM).
The NMDAR components were calculated by subtraction of the EPSCs measured in the presence of AP-5 from those in the absence of AP5. AMPA/NMDA ratios of evoked-EPSCs were obtained by AMPA-EPSC -70 mV/NMDA-EPSCs at þ50 mV, using the late component of the EPSC at 30 ms after the onset. Rectification indexes were calculated by the formula (AMPA-EPSC -70 mV/AMPA-EPSC þ50 mV)/1.75 in the presence of AP5 and intracellular spermine as described (Maroteaux and Mameli, 2012) .
2.4. Stereotaxic surgery and microinjection procedure 2.4.1. Stereotaxic surgery Cannulae implantation was performed using a stereotaxic apparatus (Kopf, USA) under isoflurane (Ohio Medical Products) anesthesia. A bilateral guide cannula (C235G-3.0/Spc, 22 gauge; Plastics One, Roanoke, VA) was aimed dorsal to the LHb (3.8 mm posterior to bregma, ±0.75 mm mediolateral, 4.2 mm ventral to the skull surface) or the MD (1.8 mm posterior to bregma, ±0.75 mm mediolateral, 4.0 mm ventral to the skull surface), according to Paxinos and Watson (2007) . One week after recovery from surgery, subjects resumed ethanol drinking in home cages or in the operant chambers, or to 2% sucrose drinking.
When ethanol (or sucrose) intake was stable, microinjections began. Before microinjection, to reduce the stress of subjects and habituate them to the microinjection procedures, animals were taken from the colony, brought to the experimental room, and handled for 5 min every day for 3 days. During this phase, animals became accustomed to the experimenter, the experimental room, and to the manipulation procedure. Histological verification of the placements was done at the end of behavioral test as described (Li et al., 2011b) . Supplemental Fig. 1 indicates the placement of cannulae tips for animals used in this study. Data from animals with misplaced cannulae were not shown and were excluded from analysis.
Microinjection procedure
AMPA, DNQX and KN-62 (Sigma, St. Louis, MO), or vehicle (aCSF) were administered through a 28-gauge internal cannulae (Plastics One, Roanoke, VA, USA) connected to a Hamilton 1.0 ml syringe driven by a syringe pump (Harvard Instruments, South Natick, Mass., USA). Microinjections were given 10 min prior to the behavioral tests. Obstructers were removed and injectors were inserted bilaterally to a depth of 1 mm beyond the end of the guide cannula. The drug or aCSF (200 nl) was infused over 60 s into the LHb of a gently restrained rat. The injectors were left in place for an additional 60 s to allow for diffusion. After removal of the injectors, new sterile obstructers were inserted. For measuring ethanol drinking and seeking behavior, the order of drug treatments was partially counterbalanced such as that aCSF was given first, followed by drug injection, with doses in random order. There was a minimum of seven days for recovery between successive drug injections.
Intra-LHb chemogenetic virus injection
After rats were trained to drinking ethanol under the IA2BC paradigm for eight weeks (24 sessions), the engineered human muscarinic receptor, the inhibitory hM4D (hM4Di), was introduced by injecting AAV5-CaMKIIa-hM4Di-mCherry, or control AAV5-CaMKIIa-eGFP (titers of 10e12e10e13 vg/ml, UNC Vector Core, Chapel Hill, NC) bilaterally into the LHb on the coordination described in 2.5.1, except that 5.4 mm, instead of 4.0 mm ventral to the skull surface. A volume of 500 nl per side was delivered at a rate of 70 nl min
. One week after recovery from surgery, subjects resumed ethanol drinking in the IA2BC procedure. Three weeks after virus injection, CNO (10 mg/kg, i.p.) was given 30 min before Table 1 Water and total fluid intake, and ethanol preference after intra-LHb or MD infusion of DNQX in IA2BC rats.
Regions Groups 30 min 24 h 48-72 h
Water intake (ml)
Total fluid (ml)
Preference for Ethanol (%)
Water Intake (ml)
Ethanol intake (g/kg/ 24 h) IntraLHb aCSF (n ¼ 9) 1.0 ± 0.3 3.1 ± 0.5 73.6 ± 7.0 13.2 ± 2.1 26.8 ± 1.6 51.8 ± 5.4 5.1 ± 0.7 150 ng DNQX (n ¼ 9)
1.6 ± 0.5 3.5 ± 0.7 53.7 ± 11.2 17.3 ± 2.1 29.4 ± 1.7 42.8 ± 5.3 500 ng DNQX (n ¼ 9)
1.4 ± 0.5 3.8 ± 0.5 62.5 ± 9.5 18.4 ± 3.2 25.8 ± 3.0 30.8 ± 5.3* 4.3 ± 0.8
Intra-MD
aCSF (n ¼ 7) 1.1 ± 0.4 3.2 ± 0.6 73.0 ± 8.0 14.7 ± 1.8 26.6 ± 1.6 42.7 ± 7.2 500 ng DNQX (n ¼ 7)
1.2 ± 0.5 3.7 ± 0.5 68.8 ± 10.1 19.7 ± 1.9 31.3 ± 1.8 38.4 ± 3.9
The values are expressed as mean ± SEM. *P < 0.05 compared with aCSF.
accessing to ethanol or forced swimming test .
Forced swimming test
To measure general depressive-like behaviors in rats, we adapted a commonly used modified forced swim task (Slattery and Cryan, 2012) in a transparent plastic tube (diameter ¼ 24.5 cm, height ¼ 51 cm), filled to 30 cm with water at 23e25 C. Before the forced swimming test, to reduce the stress of and habituate subjects to the test room, animals were brought to the test room for 30 min each day for 3 consecutive days. Thus, the animals became accustomed to the experimenter and the environment. The pre-test was performed 24 h after ethanol withdrawal, where the rats were placed individually into the forced swimming test apparatus for 15 min. The test was performed 24 h after the pre-test (i.e., at 48 h after ethanol withdrawal), where the rats were placed individually into the forced swimming test apparatus for 5 min, and their behaviors were recorded with video recorders. Two individuals, blind to the animal treatment history, later analyzed the videos and scored the following behaviors: immobility, swimming, and climbing by using a time-sampling technique in each 5-s period of the 5-min test. Immobility is defined as the rat floating in the water without struggling and only making movements necessary to keep its head above water. Swimming is defined as the rat making horizontal movements throughout the swim cylinder, which also includes climbing.
Sucrose preference test
The depressive-like behavior was also examined using the sucrose preference test (Zhou et al., 2017) . Briefly, rats were trained to drink ethanol under the IA2BC paradigm for eight weeks (24 sessions), before they were habituated to two bottles of 1% sucrose solution for 24 h. They then were subjected to food deprivation for 20 h before getting access to one bottle of 1% sucrose solution and one bottle of water for 3 h. The preference ratio of 1% sucrose was calculated by the following formula: Preference ratio (%) ¼ 1% sucrose solution intake (ml/3 h)/total fluid intake (ml/3 h sucrose solution þ ml/3 h water).
Measurements of locomotion activity
A 60-min locomotion test was done 10 min after intra-LHb injection of DNQX (500 ng/0.2 ml/side) or aCSF (0.2 ml/side). Movements were recorded automatically in locomotor chambers (TruScan Photobeam Activity Monitors, 16 Â 16 Â 16 inches) using TruScan 2.0 software, as described (Li et al., 2012) .
Western blot analysis
Tissue containing the LHb of both hemispheres was harvested and homogenized on ice in radio-immunoprecipitation assay buffer (Sigma-Aldrich, St. Louis, MO). Proteins were quantified using the Bradford assay (Bio-Rad Laboratories) and 10 mg per sample was loaded on a SDS-PAGE gel and transferred to a nitrocellulose membrane. Western blot analysis was performed through the use of the Trans-Blot Turbo Transfer System (Bio-Rad Laboratories). The levels of total GluA1, CaMKII, phospho-GluA1 (Ser831), phosphoGluA1 (Ser 845) and GAPDH in the LHb were detected by antiGluA1 (1:1000), anti-CaMKII (1:5000), anti-phospho-GluA1 (Ser831), anti-phospho-GluA1 (Ser845) (Millipore, 1:2000) , and anti-GAPDH antibody (1:2,000, Sigma-Aldrich), respectively. We quantified the Western blots in two steps. First, we compared protein loading and relative protein expression to GAPDH levels in each lane by quantitatively analyzing the optical densities of bands using ImageJ version 1.38 (NIH, Bethesda, MD). Then, we presented changes in protein levels in rats experiencing ethanol withdrawal or KN-62 treatment as a percentage of those in the control group (set to 100).
Drugs
We purchased 6, 7-dinitroquinoxaline-2, 3-dione (DNQX), DL-2-amino-5-phosphono-valeric acid (DL-AP5), H-89, KN-62, and other common salts from Sigma (St Louis, MO); ethanol, from grains, 190 proof, stored in glass bottles, from Pharmco Products (Brookfield, CT). Clozapine-N-oxide (CNO) was from NIDA Drug supply program (NIH, Bethesda, MD).
Statistical analysis
Drinking data during 30-min or 24-h access periods as well as lever pressing and reward port entry data from ethanol selfadministration in the operant chambers were subjected to a oneway or two-way repeated measures analysis of variance (RM ANOVA) to extract significant main effects and interactions with Bonferroni post hoc comparisons. Data from forced swimming test, sucrose preference test, locomotion tests, and Western blots were subject to Student's t-test. Statistical significance was declared at p < 0.05.
Results
Depressive-like behaviors in rats withdrawn from repeated cycles of ethanol consumption
We examined depressive-like behaviors in rats that had been in the IA2BC paradigm for 2 -months and at 48 h withdrawal from the last ethanol session. These rats displayed a longer immobility time (Fig. 1A , EtOH-WD; t ¼ 2.43, P ¼ 0.023) and a shorter latency to the first immobility (Fig. 1B , EtOH-WD; t ¼ 3.59, P ¼ 0.002) compared to ethanol naïve (CTRL) rats in the forced swimming test. Ethanol withdrawn rats also showed less sucrose preference (Fig. 1C , EtOH-WD; t ¼ 2.36, P ¼ 0.032) and sucrose intake (Fig. 1D , EtOH-WD; t ¼ 2.99, P ¼ 0.009), compared to ethanol naïve (CTRL) rats in the sucrose preference test.
3.2. Increased neuronal excitability, AMPA/NMDA ratios and GluA1 phosphorylation in the LHb of rats withdrawn from repeated cycles of ethanol consumption
To examine the changes in the LHb at the cellular and molecular levels, we measured the neuronal excitability, which was substantially higher in the LHb neurons of brain slices from rats at 24 h withdrawal from ethanol than those from the ethanol-naive group (Two-way RM ANOVA, F 1,29 ¼ 16.65, p < 0.001). The AMPA/NMDA ratio of LHb neurons was also significantly increased in withdrawal rats ( Fig. 2C and D) , indicating a postsynaptic strengthening of excitatory transmission. No substantial change in EPSC rectification index was noted ( Fig. 2E and F) , suggesting that the overall AMPAR subunit composition remained similar during withdrawal, although the withdrawal induced the insertion of new AMPARs at the synapse.
Using Western blot analysis, we sought to determine whether the GluA1 expression in the LHb had changed during ethanol withdrawal. Quantification analysis revealed a marked increase in phosphorylated GluA1 at Ser831 (Fig. 2G and H) and Ser845 (Supplementary Figs. 2A and B) in the LHb of ethanol-withdrawn rats. However, the total GluA1 and GluA2 expression was not significantly changed ( Fig. 2G and H) .
Intra-LHb infusion of DNQX attenuates depressive-like behaviors in ethanol withdrawn rats
To determine the role of AMPARs in the LHb on neuronal activity, we examined the effect of the AMPAR antagonist DNQX. Bath application of DNQX (20 mM) significantly reduced excitability of LHb neurons of ethanol-withdrawn rats ( Fig. 3A and B ; Two-way RM ANOVA, F 1,14 ¼ 36.43, p < 0.001). Then, to determine the role of LHb AMPARs in the depressive-like behaviors, we bilaterally infused DNQX (150 or 500 ng/200 nl/side) into the LHb of ethanolwithdrawn rats 10 min before the forced swimming test. Histological verification revealed that the cannula tips in 22 of the 24 rats were within the LHb (Supplementary Fig. 1 ). Intra-LHb DNQX at the dose of 500 ng but not 150 ng, substantially reduced immobility time ( Fig. 3C , P < 0.05) and prolonged the latency to the first immobility in the forced swimming test (Fig. 3D , P ¼ 0.002), compared to the aCSF infusion. Intra-LHb DNQX (500 ng) also significantly increased sucrose preference (Fig. 3E , P ¼ 0.03) and intake ( Fig. 3F , P ¼ 0.01) in the sucrose preference test. Chemogenetic inhibition of LHb activity by CNO (10 mg/kg, i.p.) also substantially reduced immobility time ( Fig. 3G , P < 0.05), without changing the latency to the first immobility in the forced swimming test (Fig. 3H , P > 0.05). To determine whether enhancing LHb neuronal activity in ethanol naïve (CTRL) rats can lead to depressive-like behaviors, we bilaterally infused AMPA (11 ng/200 nl/side) into the LHb, which significantly prolonged the total immobility time (Fig. 3I , P < 0.05) and shortened the latency to the first immobility (Fig. 3J , P < 0.01).
Intra-LHb infusion of DNQX selectively reduces alcohol drinking and seeking
To test whether inhibition of LHb AMPARs could alter ethanol consumption, we bilaterally infused DNQX or aCSF into the LHb 10 min before access to ethanol, and measured ethanol and water intake were at 30 min and 24 h after access. Histological verification revealed that the cannula tip placements for all animals were within the LHb (Supplementary Fig. 1 ). One-way RM ANOVA analysis revealed a significant decrease in ethanol consumption measured at 30 min (F 2,26 ¼ 4.67, P ¼ 0.03, Fig. 4A ). Post-hoc analysis revealed that the ethanol intake of rats that received DNQX infusion at the dose of 500 ng, but not of 150 ng, was significantly lower than that of rats that received intra-LHb infusion of aCSF ( Fig. 4A , P < 0.01). One-way RM ANOVA also revealed a significant decrease in ethanol consumption at 24 h after ethanol access (F 2, 26 ¼ 6.29, p ¼ 0.006, Fig. 4B ). Additionally, intra-LHb infusion of 500 ng DNQX significantly reduced ethanol preference (F 2, 26 ¼ 3.82, p ¼ 0.03, Table 1) in rats 24 h after ethanol access, but did not alter water consumption or total fluid intake (Table 1) at both 30 min and 24 h time points. Ethanol intake and preference at 48 h and 72 h after intra-LHb infusion of 500 ng DNQX did not change compared to the aCSF infusion (Table 1) .
To exclude the possibility that the decrease in ethanol intake induced by intra-LHb DNQX infusion was a result of any impairment in locomotion, we measured spontaneous locomotion in the locomotor chamber 30 min after DNQX infusion. Intra-LHb infusion of DNQX (500 ng/200 nl/side) did not significantly alter locomotor activity (Fig. 4C) . Two-way ANOVA showed a significant increase in the cumulative distance traveled over time [F 5,50 ¼ 14.86, p < 0.001] with no significant main effect of DNQX treatment or treatmenttime interaction.
Next, we tested the effect of intra-LHb DNQX on ethanol seeking behavior in the operant chambers, as previously described (Fu et al., 2016) . Briefly, the delivery of the 20% ethanol reward was contingent on responses of the active lever under an FR3 schedule (see Materials and Methods) . No reward was received if the rats pressed the inactive lever, and the event was merely recorded as a measure of nonspecific behavioral activity. When the rats maintained a stable level of responding over 20 sessions (3 weeks) on the FR3 schedule, DNQX (500 ng/200 nl/side) or aCSF was infused into the LHb 10 min before the session. Histological verification revealed that the cannula tips in 8 of the 10 rats were within the LHb (Supplementary Fig. 1 ) for analysis. Fig. 3DeF depicts operant responding for ethanol by rats after intra-LHb DNQX infusion. Twoway RM ANOVA revealed significant main effects of drug treatment (F 2, 14 ¼ 13.0, P < 0.001) and lever pressing (F 1, 7 ¼ 260.2, P < 0.001) with a significant interaction between the two main factors (F 2, 14 ¼ 11.5, P < 0.001). Post hoc analysis revealed that intra-LHb DNQX decreased the number of active lever presses compared to aCSF injection (P < 0.01) or baseline (P < 0.001) (Fig. 4D) . There was no significant difference in the number of active lever presses between the baseline and aCSF (vehicle) treatment. There were also no significant changes in inactive lever responding. Furthermore, intra-LHb DNQX infusion produced a significant decrease in both the number of head entries into the ethanol port (P < 0.0001, Fig. 4E ) and operant ethanol consumption (P < 0.001, Fig. 4F ) compared to vehicle treatment.
Having found that blocking LHb AMPARs decreases ethanol intake, we next examined whether this effect was selective for ethanol by measuring the intake of a natural reward, 2% sucrose. Briefly, a group of ethanol-naïve rats were implanted with cannula into the LHb. One week after surgery, they were trained to drink 2% sucrose using the intermittent access to two-bottle choice-drinking procedure, similar to the IA2BC procedure for ethanol. Two weeks after sucrose drinking, when a stable drinking level has achieved, these rats received bilateral intra-LHb infusion of drugs. As shown in Fig. 4G , intra-LHb infusion of DNQX (500 ng/200 nl/side) had no effects either on the intake of the sucrose solution at both 30 min and 24 h time points after the onset of drinking, or on sucrose preference or water consumption (p > 0.05) (data not shown). Bilateral intra-LHb infusion of AMPA (11 ng/200 nl/side) also did not affect the intake of the 2% sucrose solution at both 30 min and 24 h time points (Fig. 4H) .
To determine whether the effect of DNQX is brain regionspecific, we injected DNQX into the mediodorsal thalamic nucleus (MD), a neighboring region of the LHb. Histological verification revealed that the cannula tip placements for all animals were within the MD (Supplemental Fig. 1) . A bilateral intra-MD infusion of DNQX (500 ng/200 nl/side) had no effect on ethanol intake either at the 30 min [t 1, 26 (Fig. 4I) . Also, no effect was observed on ethanol preference, water intake, or total fluid (Table 1 ).
Next, we tested whether temporal inhibition of LHb neurons can change ethanol intake. As expected, systemic administration of CNO (10 mg/kg, i.p.) to animals infected with hM4Di-AAV 3 weeks prior significantly decreased ethanol intake at 2 h (t ¼ 3.53, p ¼ 0.004) (Fig. 4J ) and 24 h (t ¼ 2.32, p ¼ 0.04) (Fig. 4K) after ethanol access. However, no effect was observed on ethanol preference, water intake, or total fluid at both time point (data not shown). Rats injected with AAV-GFP did not show any difference in baseline levels in the ethanol intake ( Fig. 4J and K) .
Inhibition of CaMKII in the LHb blunts GluA1 phosphorylation, decreases neuronal activity, attenuates depressive-like behaviors, and reduces ethanol intake
It has been suggested that activated CaMKII plays a crucial role in catalyzing AMPAR phosphorylation at GluA1 residue serine 831, which leads to enhanced AMPAR activity (Barria et al., 1997b) . To determine whether CaMKII levels in the LHb of ethanol-withdrawn rats had changed, we used Western blot analysis. The results showed that the CaMKII levels in the LHb were significantly higher in rats at 24 h withdrawal from ethanol than in ethanol naïve rats ( Fig. 5A and B) .
To determine the role of CaMKII in drinking and depressive-like behaviors, we infused CaMKII inhibitor KN-62 (30 ng/300nl/side) bilaterally into the LHb 24 h after ethanol withdrawal. Histological verification showed that 10 of 12 rats had the correct cannula tip placements in the LHb (Supplementary Fig. 1 ). Western blot analysis revealed that KN-62 infusion significantly decreased the density of the band of phosphorylated GluA1 (Ser831) in the LHb (Fig. 5C and D) compared to aCSF infusion. Also, bath application of KN-62 (10 mM) could reduce the neuronal excitability in the LHb of alcohol withdrawn rats ( Fig. 5E and F ; Two-way RM ANOVA,
Remarkably, intra-LHb infusion of KN-62, compared with aCSF, substantially reduced the total immobility time (Fig. 5G , p ¼ 0.019) and prolonged the latency to the first immobility in forced swimming test (Fig. 5H , P ¼ 0.002), compared to the aCSF infusion. Furthermore, intra-LHb KN-62 significantly decreased ethanol consumption at 2 h ( Fig. 5I , P ¼ 0.006) and 24 h (Fig. 5J , P ¼ 0.02) after the onset of ethanol access, with a strong tendency to decrease ethanol preference (2 h: P ¼ 0.07; 24 h: p ¼ 0.09, Table 2), without changing the water consumption at both time points measured. However, intra-LHb KN62 induced a significant decrease in total fluid intake at 2 h (P ¼ 0.02) and a strong tendency to decrease total fluid intake at 24 h (P ¼ 0.08) after access to ethanol (Table 2) , without affecting ethanol intake between 48 and 72 h ( Table 2) .
Discussion
Depression occurs more often during alcohol abstinence and is a major risk factor for relapse. However, the neurobiological mechanisms underlying the association between alcohol use disorders and depression remain elusive. Using an established drinking model (Li et al., 2011b Simms et al., 2008) , we observed depressive-like behaviors in rats during withdrawal, as evidenced by an increase in the total immobility time and a decrease in the latency to the first immobility in the forced swimming test, as well as a reduction in sucrose intake and preference. This was concomitant with an increase in phosphorylation of AMPAR GluA1 and in the expression and activity of CaMKII in the LHb. Intra-LHb infusion of the AMPAR antagonist DNQX alleviated depressivelike behaviors and reduced ethanol intake in both the intermittent access and operant self-administration procedures, but did not affect locomotion or sucrose intake. Chemogenetic inhibition of LHb activity produced similar effects. Moreover, pharmacological activation of LHb AMPAR activity induced depressive-like behaviors in ethanol-naïve rats. Finally, intra-LHb infusion of CaMKII inhibitor KN-62, which reduced phosphorylation of AMPAR GluA1 in the LHb, rescued depressive-like behaviors and reduced ethanol intake.
The forced swimming test is based on the observation that when rodents are placed in an inescapable cylinder filled with water, after initial intense escape-directed behavior, such as swimming and climbing, they stop struggling and show despair immobility behavior that disengages the animal from active forms of stress coping (Slattery and Cryan, 2012 ). In the current study, we observed an increased total immobility time and a shortened latency to immobility in ethanol withdrawn rats. These rats also displayed Fig. 1 . Depressive-like behaviors in ethanol-withdrawal rats. Rats at 48-h withdrawal from repeated cycles of voluntary ethanol drinking (EtOH-WD) had a significantly prolonged total immobility time (A) and a shortened latency to the first immobility in the forced swim test (B), a reduced sucrose preference (C) and intake (D) in the sucrose preference test, compared with ethanol naïve control (CTRL). *p < 0.05, **p < 0.01. Data are expressed as mean ± SEM. anhedonia, as indicated by lower preference and intake for 1% sucrose. These data suggest that depressive-like behaviors occur in rats during ethanol withdrawal.
Previous studies have indicated that LHb neurons are hyperactive when rodents are in a depressed state, and that suppression of LHb neurons reduces depressive-like behaviors in animal models of depression (Li et al., 2011a (Li et al., , 2013 Meye et al., 2015) . In a recent rat study, we found that at 24 h withdrawal from chronic voluntary ethanol drinking, the activity of LHb neurons was increased, and the amplitude of excitatory postsynaptic currents was increased in the LHb neurons, suggesting that the activity of postsynaptic AMPARs is increased . We further demonstrated that the increased glutamate transmission contributes to the increased activity of LHb neurons . AMPARs have been shown to play a key role in the regulation of reinforcement and the reward process of ethanol (Stuber et al., 2008; Wang et al., 2012) . Chronic intermittent access to ethanol increases surface concentrations of GluA1 in the striatum, which may promote alcohol selfadministration by altering the reinforcement processes (Wang et al., 2012) . Surface GluA1 in the amygdala is also upregulated after chronic intermittent alcohol vapor exposure (Christian et al., 2012) . Furthermore, phosphorylation of GluA1 at serine 831 plays a crucial role in increasing AMPAR activity in various regions of the brain (Malinow, 2003) . Consistent with this finding, we observed that during withdrawal from voluntary ethanol consumption, GluA1 S831 phosphorylation in the LHb was significantly increased. This result mirrors the observation of increased GluA1 S831 phosphorylation in the amygdala in animals after both voluntary alcohol drinking (home-cage) and low-dose operant alcohol selfadministration (Salling et al., 2016) . These data suggest that AMPARs in specific brain regions that regulate alcohol drinking and seeking behavior are important targets of alcohol. This idea is further supported by our data that shows intra-LHb infusion of the AMPAR antagonist DNQX selectively reduced ethanol consumption in the home cage and the operant chamber. Intra-LHb DNQX also mitigated depressive-like behaviors. These results suggest that LHb AMPARs could be an important molecular target in depression. This is further supported by our data that activation of LHb AMPARs can induce depressive-like behaviors in ethanol naïve rats. Given that depression occurs more often in alcoholics (Grant et al., 2015) , and that aberrant activity of the LHb contributes to depression-like symptoms (Proulx et al., 2014) , we propose that improvement in depressive-like behaviors induced by the inhibition of LHb AMPARs may contribute to the decrease in ethanol drinking and seeking. (G) and analysis (H) to quantify expression levels of phosphor-GluA1 at residue 831 (S831) and total GluA1 in the LHb in naïve control (CTRL) rats and ethanol-withdrawn (EtOH-WD) rats at 24 h after removal of the ethanol bottle (n rats ¼ 6). Data are expressed as mean ± SEM. ***p < 0.001. . (E, F) Intra-LHb DNQX (500 ng/200 nl/side) increased preference for sucrose (E) and sucrose intake (F) in the sucrose-preference test (n rats ¼ 8). Chemogenetic inhibition of the LHb by CNO (10 mg/kg, i.p.) significantly shortened the total immobility time (G), without significant change in the latency to the first immobility (H) in rats infected with hM4Di in the LHb, compared with rats infected with GFP only in forced swimming test (n rats ¼ 6). (I-J, in ethanol-naïve rats). Intra-LHb injection of AMPA (11 ng/200 nl/side) in ethanol-naïve rats significantly prolonged the total immobility time (I) and shortened the latency to the first immobility (J) in forced swimming test (n rats ¼ 7). The values are expressed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, compared with aCSF.
Interestingly, the literature demonstrates a differential role for the LHb in ethanol-directed behaviors. For instance, studies found that rats drink more alcohol if the LHb was lesioned before the start of drinking (Haack et al., 2014; Tandon et al., 2017) , indicating that the LHb plays a brake-like role during the acquisition phase.
Conversely, we found that temporal inhibition of the LHb by DNQX or chemogenetic tool reduced drinking in rats that have been drinking ethanol for two months, when the animals may have already become ethanol dependent (Li et al., 2011b) .
CaMKII is a Ca 2þ -activated enzyme that plays a crucial role in Fig. 4 . Intra-LHb infusion of DNQX reduces alcohol drinking and seeking without changing sucrose intake in ethanol-withdrawn rats. DNQX was bilaterally injected into the LHb 10 min before the start of the drinking or operant session. DNQX at the dose of 500 ng/200 nl/side, but not 150 ng significantly decreased ethanol consumption at 30 min (A) and 24 h (B) after the onset of access to ethanol compared with aCSF infusion, n rats ¼ 9/arm. (C) DNQX (500 ng/200 nl/side) did not affect total distance traveled (cm) across the first 30-min session after intra-LHb infusion compared with aCSF infusion (n rats ¼ 6). (D) Intra-LHb DNQX (500 ng/200nl/side) decreased the number of active lever presses, but not inactive lever presses during the 30-min test session (n rats ¼ 8). DNQX also reduced the number of head entries into the ethanol port (E) as well as ethanol intake (F) during the 30-min test session (n rats ¼ 8). (G), Intra-LHb DNQX (500 ng/200 nl/side) did not affect sucrose consumption (n rats ¼ 10) under the IA2BC procedure. (H) Intra-LHb infusion of AMPA (11 ng/200 nl/side) did not change sucrose consumption under the IA2BC procedure (n rats ¼ 9). (I), Bilateral injection of DNQX (500 ng/200nl/side) into the mediodorsal thalamic nucleus (MD) did not affect ethanol intake at 30 min or 24 h after the onset of access to ethanol (n rats ¼ 7). Chemogenetic inhibition of LHb by administration of CNO (10 mg/kg, i.p.) significantly decreased ethanol intake at 2 h (J) and 24 h (K) after access to ethanol compared with rats infected with GFP only (n rats ¼ 6). The values are expressed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, compared with aCSF, #p < 0.05 compared with baseline. Intra-LHb infusion of KN-62 (30 ng/300 nl/side) substantially shortened the total immobility time (G) and prolonged the latency to the first immobility (H) in the forced swimming test (n rats ¼ 10), and reduced ethanol intake at 2 h (I), and 24 h (J) after the onset of access to ethanol (n rats ¼ 10). The values are expressed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, compared with aCSF. many cellular responses, including the long-term potentiation of synaptic transmission (Lisman et al., 2002) . CaMKII activation has been thought to enhance glutamatergic synapses by the phosphorylation of the Ser831 residue of the GluA1 subunit of AMPARs (Barria et al., 1997a) and by indirectly promoting AMPAR insertion in the synapse (Hayashi et al., 2000) . CaMKII is rich in the LHb and its activation is required for depressive-like behaviors (Li et al., 2013 ). In the current study, we sought to determine whether an ethanol drinking history alters the protein expression and activity of CAMKII in the LHb. Our results indicated that withdrawal from chronic intermittent ethanol drinking significantly increased the expression and phosphorylation of CaMKII in the LHb. This is consistent with a recent study showing that the expression and phosphorylation of CaMKII is increased in the amygdala in mice that lever-pressed for alcohol (Salling et al., 2016) . Since CaMKII plays a critical role in associative learning and memory (Mayford et al., 1996) , findings from the current study and others suggest that ethanol-drinking induced upregulation of CaMKII expression and activity in brain regions that regulate positive and negative reinforcement of ethanol may reflect the increased learning behavior associated with drug stimuli. It is important to note that intra-LHb injection of the CaMKII inhibitor KN-62 inhibited GluA1 phosphorylation, mitigated depressive-like behaviors, and reduced ethanol intake. These findings are consistent with a recent mouse study that shows microinjection of CaMKII inhibitor KN-93 in the amygdala decreases ethanol positive reinforcement (Salling et al., 2016) . Since CaMKII phosphorylation of GluA1 (Ser831) in the LHb is required for synaptic plasticity and depressive-like behaviors (Li et al., 2013) , the findings in the current study suggest that the CaMKII-AMPAR signaling pathway may be a candidate target for the treatment of depressive-like behavior that characterizes alcohol use disorder. The increased anxiety level of alcoholics observed during abstinence is believed to be another important factor contributing to relapse drinking. Importantly, LHb hyperactivity facilitates anxiogenesis (Pobbe and Zangrossi, 2008) . We recently reported that during withdrawal from repeated cycles of ethanol consumption, rats showed pronounced anxiety-like behaviors . Therefore, inhibition of LHb CaMKII-AMPAR signaling may also mitigate anxiety-like behaviors in ethanol-withdrawn rats. Additionally, we observed significant increases in phosphorylation of the AMPAR GluA1 subunit at both S831 and S845 in the LHb of ethanol-withdrawn rats. Intra-LHb infusion of CaMKII KN-62 inhibited GluA1 phosphorylation, reduced ethanol intake, and mitigated depressive-like behaviors, while intra-LHb infusion of protein kinase A (PKA) inhibitor H-89 did not affect ethanol consumption. These data suggest that the CaMKII-GluA1-S831 mechanism in the LHb plays a more important role in alcohol drinking and alcohol-related behaviors than phosphorylated GluA1-S845. Overall, our findings are in general agreement with a recent rodent study, which reported that chronic alcohol consumption does not affect GluA1 Ser845 phosphorylation in the spinal cord, whereas a mutation at the GluA1 Ser831 can completely block the prolongation of postsurgical pain produced by 4-week ethanol consumption . However, these findings are divergent from a previous study that reported that cocaine increased both glutamate transmission and excitability in the LHb, which was due to phosphorylation of S845 instead of S831 (Meye et al., 2015) . Taken . Cartoon demonstrating that withdrawal from repeated cycles of ethanol intake can trigger an increase in LHb glutamatergic transmission, spontaneous firing, phosphorylation of GluA1 receptors and CaMKII activity concomitant with depressive-like behavior and elevated relapse drinking. Pharmacological inhibition of AMPAR and CaMKII activity significantly ameliorate depressive-like behavior and reduce ethanol intake.
Table 2
Water intake and total fluid intake, and ethanol preference after intra-LHb infusion of KN-62 in IA2BC rats.
Intra-LHb 2 h 24 h 48-72 h
Water intake (ml) Total fluid (ml) Preference for Ethanol (%) Water Intake (ml) Total fluid (ml) Preference for Ethanol (%) Ethanol intake (g/kg/24 h) aCSF (n ¼ 10) 4.6 ± 1.0 9.6 ± 1.3 54.2 ± 7.6 20.3 ± 3.4 36.5 ± 3.4 46.4 ± 5.7 5.3 ± 1.2 KN-62 (n ¼ 10) 3.8 ± 0.6 6.0 ± 1.7* 36.8 ± 5.1 20.4 ± 2.3 30.4 ± 2.4 33.4 ± 4.4 4.9 ± 0.9
together, these data suggest that the CaMKII-GluA1-S831 mechanism is unique to the effects of alcohol. A future study on phosphoGluA1 mutant mice would be beneficial to further assess this possibility. In summary, the most salient finding of this study is that withdrawal from chronic voluntary ethanol drinking leads to significant depressive-like symptoms and a substantial increase in CaMKII-AMPAR activity in the LHb (Fig. 6) . Pharmacological inhibition of AMPARs or CaMKII activity in the LHb alleviates depressive-like behaviors and reduces ethanol consumption in rats. This is the first evidence demonstrating the role of the LHb CaMKII-AMPAR signaling in depressive-like behaviors and relapse-like drinking after withdrawal from chronic intermittent ethanol consumption. Our data suggest that drugs targeting the CaMKII-AMPAR signaling pathway may be beneficial for alcohol use disorders, especially for individuals who elicit comorbidities like depression.
